Localisation studies are suggesting new candidates for endomembrane channels while modelling is revealing potential roles for channels that could aid channel mutant isolation.
INTRODUCTION
The transient elevation of free calcium ion concentration in the cytosol and organelles of plant cells is a well-established phenomenon. As discussed in this Focus issue on calcium signaling, these elevations occur in response to a range of biotic and abiotic stimuli (McAinsh and Pitman, 2009; Dodd et al., 2010) . Recently, transcriptomic analyses coupled with calcium determinations have demonstrated that a specific stimulus (membrane voltage or ozone) can cause a specific free calcium ion transient, leading to a specific transcriptional response (Whalley et al., 2011; Short et al., 2012; Whalley et al., 2013) . It is also clear that free cytosolic Ca 2+ ([Ca 2+ ] cyt ) has a role to play in regulating polar growth of root hairs and pollen tubes (Monshausen et al., 2008; Michard et al., 2011) . What has yet to be secured fully is the mechanistic basis of these calcium signaling "signatures" and the oscillations of [Ca 2+ ] cyt that occur during polar growth.
There would be sufficient energy in trans-membrane Ca 2+ gradients to drive passive Ca 2+ flux into the cytosol from the apoplast or internal stores (such as the vacuole or ER).
Pharmacological intervention has implicated such Ca 2+ influx in elevating free cytosolic [Ca 2+ ] cyt in a variety of Ca 2+ signatures (response to environment, stress, hormones, immunity) and during polar growth. With the prediction of passive Ca 2+ transport comes the hypothesis that Ca 2+ -permeable channel proteins in plasma-and endo-membranes would be responsible for [Ca 2+ ] cyt elevation. This has in turn driven the electrophysiological characterisation of these channel proteins and the search for the encoding genes (see comprehensive reviews by Demidchik and Maathuis, 2007; Wheeler and Brownlee, 2008; Dietrich et al., 2010; Dodd et al., 2010; Jammes et al., 2011; Hedrich, 2012; Kurusu et al. 6 1995; Demidchik et al., 2011) . With a limited pharmacological arsenal with which to capture channel proteins (despite some early advance with a verapamil-binding protein from maize; Harvey et al., 1989) and difficulties with characterisation of recombinant channel proteins in heterologous expression systems, the Ca 2+ channel field has understandably lagged behind that of K + and Cl -channels and other transporters in terms of gene identification and characterisation of the gene product (Hedrich, 2012) .
There have been several excellent reviews recently that have summarised gene families, evolution, channel activity and possible functions (Wheeler and Brownlee, 2008; Demidchik and Maathuis, 2007; Dietrich et al., 2010; Dodd et al., 2010; Matze et al., 2010; Jammes et al., 2011; Peiter, 2011; Stael et al., 2011; Hedrich, 2012; Kurusu et al., 2013) . Beyond a brief introduction to the various channels for the benefit of readers new to the area, this Update will focus on the latest breakthroughs not addressed by those reviews, their implications and the renewed efforts now evident in Ca 2+ channel research to get those genes. Before going on, a note on terminology. The relevant channels characterised in plant membranes so far do a really good job of transporting K + and other cations in addition to Ca
2+
. The permeability ratio of Ca 2+ to K + can be as low as 0.5 or as high as 15 (Véry and Davies, 2000; Demidchik and Maathuis, 2007) and this has led many researchers to use terms such as "Ca 2+ -permeable (non-selective) cation channel". Here, the term "calcium channel" will be used liberally because in the signaling context of this Focus, even a spark or puff of Ca 2+ emanating from these proteins could be enough to trigger the next event. The active transporters involved in terminating Ca 2+ signals will not be addressed.
This much we know
Biophysical studies have clearly demonstrated the existence of voltage-regulated and voltageindependent Ca 2+ channels in plant plasma membrane from a variety of cell types, most notably guard and root cells. Hyperpolarisation-activated calcium channels (HACCs) can coexist with depolarisation-activated calcium channels (DACCs) and voltage-independent calcium channels (VICCs). As can be inferred from the current-voltage relationships in ] cyt (Miedema et al., 2001; Chen et al., 2012 (Enz et al., 1993; Grygorczyk and Grygorczyk, 1998 ; see reviews by Matze et al., 2010; Peiter, 2011; Stael et al., 2011; Hedrich, 2012 (Stephens et al., 2008) but the acid test is whether a recombinant protein can reconstitute that activity. Otherwise, the phenotype could be just a pleiotropic effect of the mutation. Heterologous expression of GLRs has proved to be problematic but replacing the pore region of an animal ionotropic glutamate receptor (iGluR) with that of AtGLR 1.1 or AtGLR1.4 then expressing the chimera in Xenopus oocytes delivered compelling evidence for Ca 2+ transport by plant GLRs, despite the dissimilarity of their pore regions to those of the iGLuRs (Topken and Hollmann, 2008) . Expression of AtGLR3.7 and 3.4 (but not 2.1) in Xenopus oocytes resulted in non-endogenous Ca 2+ influx currents but these were not activated by amino acids (Roy et al., 2008) . ] cyt (Qi et al., 2010; Ma et al., 2012) . This is summarised in (Garcia-Mata et al., 2010) . A well-executed study on wheat root protoplasts that combined patch clamping with flux determination delivered "no consistent indication" of Ca 2+ permeation through the K + efflux pathway (Gilliham et al., 2006) . It may now be timely to re-examine this question, perhaps by combining patch clamp with Ca 2+ imaging (Gragdogna et al., 2009 ) and by exploiting the ability to mutate AtSKOR for functional analysis (Porée et al., 2005) .
vegetative organs (reviewed by Laohavisit and Davies 2011b, Clark et al., 2012) . They also appear free to be distributed throughout the plant from their site of production via phloem sap (Laohavisit and Davies 2011b, Clark et al., 2012) . In stark contrast to conventional Ca 2+ channels that will be transported from the Golgi to reside probably exclusively in specific membranes, plant annexins appear able to occupy more than one cellular location simultaneously and may also occupy lipid rafts (reviewed by Laohavisit and Davies, 2011b; Clark et al., 2012) . This provides scope for rapid, stimulus-driven recruitment to a membrane region, not necessarily reliant on vesicle delivery.
Purified maize annexins conduct Ca 2+ across planar lipid bilayers (PLB), changing from being voltage-independent to hyperpolarisation-activated (Figure 1 ) when malondialdehyde (MDA) is incorporated into the PLB to mimic lipid peroxidation (Laohavisit et al., 2009 (Laohavisit et al., , 2010 Foreman et al., 2003; Demidchik et al., 2003; Laohavisit et al., 2012) .
Accordingly, the Atann1 knockout mutant was found to lack this Ca 2+ channel in epidermal and root hair apical plasma membrane, with mutant root hairs found to be shorter than wild type (Laohavisit et al., 2012) . Mutant root hairs still retained the constitutive (i.e., not ROSactivated) HACC first described by Véry and Davies (2000) , showing that this channel is encoded by a different gene and helping to explain why hairs could still grow.
Annexins appear as potentially multifunctional proteins in vitro so their lipid-and actinbinding properties could mean that they are involved in regulating trafficking of a more conventional Ca 2+ channel to a membrane and care needs to be taken in interpreting loss of channel activity in an annexin mutant. However, recombinant AtANN1 formed an OH Despite conservation of the salt bridges thought to be involved in selectivity, the estimated P Ca :P K of 0.6 is much lower than that of animal annexins (Laohavist et al., 2012) and the mechanism through which AtANN1 forms a transport route now needs to be elucidated. 
Animal counterparts form transport routes

Endomembranes: TPC1 remains controversial and new insight from modelling
After years of controversy on whether the SV channel was Ca
2+
-permeable, the debate now is about its function. Peiter et al., (2005) showed unequivocally that SV current magnitude varied with the expression of TPC1 in Arabidopsis while Gragdogna et al. (2009) ] cyt response to a fungal xylanase linking to phytoalexin synthesis (Hamada et al., 2012) . Given the large magnitude of SV currents (that should permit vacuolar Ca 2+ efflux), the lack of effect of AtTPC1 loss of function on [Ca 2+ ] cyt in a wide range of signaling scenarios has been surprising (Ranf et al., 2008; Islam et al., 2010) . However, whole seedling or organ studies may mask cell-specific responses; for example, the Atann1 root [Ca 2+ ] cyt response to ROS was identical to wild type but genotypic differences were apparent at the epidermis (Laohavisit et al., 2012) . Perhaps the finding that polyunsaturated fatty acids (PUFAs) drastically inhibit SV activity (Gutla et al., 2012) ] cyt studies. The PUFA alphalinoleic acid is a potent SV inhibitor and is synthesised during wounding and pathogen attack (Gutla et al., 2012) . Is experimental handling in signaling studies enough to trigger PUFA synthesis and inhibit the SV, leaving Attpc1 to phenocopy the wild type?
Expression of AtTPC1 is greater in guard cells than mesophyll and patch clamping has shown that SV characteristics differ between these two cell types, probably due to activities of regulatory proteins or cell-specific post-translational modifications (Rienmüller et al., 2010) .
Analysis of the impact of loss of AtTPC1 function on guard cell [Ca 2+ ] cyt dynamics could implicate AtTPC1 only in the priming of the Ca 2+ -sensitivity of the plasma membrane S-type anion channel (Islam et al., 2010) . Recent predictive modelling studies of guard cell [Ca 2+ ] cyt dynamics could not secure a clear role for TPC1 and rather emphasised the potential of other voltage-regulated vacuolar Ca 2+ channels that now need to be identified at the genetic level (Chen et al., 2012; Hills et al., 2012) . TPC1 is unsuited to a role in calcium release induced by an increase in [Ca 2+ ] cyt because it is not self-regulating with regards to [Ca 2+ ] cyt (Chen et al., 2012; Hills et al., 2012) . (Pan et al., 2012; Ranf et al., 2012) and it is hoped that these will include the identities of more HACCs, the DACCs and the Ca 2+ channels of the organelles. Co-residence of different Ca 2+ channels in the plasma membrane affords variable Ca 2+ influx from the apoplast, controlled by membrane voltage. The schematic illustrates the effect of plasma membrane voltage (V m ) on net Ca 2+ current measured using the "whole cell" patch clamp configuration (Miedema et al., 2001; Demidchik and Maathuis, 2007) . Negative current is generated by Ca 2+ entry into the cytosol. DACC-mediated current is maximal at less negative V m than HACC, while VICC-mediated current is effectively ohmic. Microbial epitopes could activate a relay of plasma membrane Ca 2+ channels. Binding of microbial epitopes to cognate receptors could cause glutamate efflux, which can then activate Ca 2+ influx across the plasma membrane, probably mediated by GLRs (Kwaaitaal et al., 2011; Vatsa et al., 2011) . Extracellular Glu stimulates extracellular ATP accumulation (Dark et al., 2011) but it is unknown whether this is by activation of efflux (by an unknown transport pathway) or inhibition of hydrolysis. Extracellular nucleotides trigger Ca 2+ -stimulated NADPH oxidase activity, possibly by binding a receptor-like Ca 2+ channel (Demidchik et al., 2009 (Demidchik et al., , 2011 . The resultant ROS activate a Ca 2+ channel of unknown molecular identity that could amplify the signal (Demidchik et al., 2009 ). Binding of extracellular peptides to their cognate AtPepR1 receptor in DAMP signaling activates AtCNGC2, with the receptor itself possibly generating cGMP (Qi et al., 2010; Ma et al., 2012 
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